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Chromium VI and stomach cancer: a meta-analysis 
of the current epidemiological evidence 
Ro~erta Welling, 1 James J Beaumont, 2 Scott J Petersen, 3 George V Alexeeff, 2 

Cra1g Steinmaus 1 

ABSTRACT 
Objectives Chromium VI (hexavalent chromium, Cr(VI)) 
is an established cause of lung cancer, but its 
association with gastrointestinal cancer is less clear. The 
goal of this study was to examine whether the current 
human epidemiological research on occupationally 
inhaled Cr(Vl) supports the hypothesis that Cr(Vl) is 
associated with human stomach cancer. 
Methods Following a thorough literature search and 
review of individual studies, we used meta-analysis to 
summarise the current epidemiological literature on 
inhaled Cr(Vl) and stomach cancer, explore major 
sources of heterogeneity, and assess other elements of 
causal inference. 
Results We identified 56 cohort and case-control 
studies and 7 4 individual relative risk (RR) estimates on 
stomach cancer and Cr(Vl) exposure or work in an 
occupation assodated with high Cr(Vl) exposure 
including chromium production, chrome plating, leather 
work and work with Portland cement. The summary RR 
for all studies combined was 1.27 (95% Ci 1.18 to 
1.38). in analyses limited to only those studies 
identifying increased risks of lung cancer, the summary 
RR for stomach cancer was higher (RR=1.41, 95% Cl 
1.18to1.69). 
~onclusions Overall, these results suggest that Cr(Vl) 
IS a stomach carcinogen in humans, which is consistent 
with the tumour results reported in rodent studies. 

INTRODUCTION 
Inhalation of hexavalent chromium (Cr(VI)) has 
occurred in a number of industries, including 
leather tanning, chrome plating. cement work and 
stainless steel welding and manufacturing. 
Numerous studies have identified associations 
between lung cancer and inhaled Cr(VI) in occupa· 
tional settings, and the International Agency for 
Research on Cancer has classified Cr(VI) as a group 
I carcinogen, based primarily on studies of chro
mate production, chromate pigment production 
and chromium electroplating involving high expo
sures.1 Given that the lung is directly exposed to 
inhaled Cr(VI), it is not surprising that this organ is 
a target site. However, several studies suggest that 
Cr(VI) may also have carcinogenic effects in other 

"' Few studies have investigated the possible 
association between exposu11! to hexavalent 
chromium (Cr(VO) and cancers other than 
respiratory cancers. 

"' This metlranalysis includes many mol1! n!Sllhs 
than previous mefa.analyses of Cr(VI) exposul1! 
and stomach cancer. 

"' Studies that wen! positive for lung cancer, 
which may indicate higher exposures, produced 
a higher summary relative risk for stomach 
cancer than the full metHnalysis. 

"' Possible mechanisms by which Cr(VI) might 
induce carcinogenesis an! blologicaUy plausible. 

regulatory standard for chromium of 100 J.LWL· 
However, this standard is based on a health risk 
assessment over 20 years old and is for total duo· 
mium (Cr(VI) and Cr(Ill) combined), not the more 
toxic Cr(VI). Based at least partially on its possible 
carcinogenicity in the gastrointestinal tract, US EPA 
and others are in the process of evaluating the need 
for a new Cr(VI) drinking water standard. To date, 
however, the evidence linking Cr(VI) to gastrointes
tinal cancer comes primarily from animal studies 
and questions have been raised about their rei~ 
vance to humans. Our goal was to evaluate 
whether evidence from human studies supports the 
hypothesis that Cr(VI) is a cause of gastrointestinal 
cancer. 

We performed a meta·analysis of human studies 
of Cr(VI) and stomach cancer in order to provide a 
review of the current literature, evaluate causal 
inference, and assess potential sources of bias and 
heterogeneity. Although we examined several types 
of gastrointestinal cancer, including oesophagea~ 
small intestine and colon cancer, initial analyses 
showed that the greatest number of studies and 
clearest associations were seen for stomach cancer· 
thus, stomach cancer is the focus of t~ 
meta·analysis. 

internal organs, including the gastrointestinal tract. METHODS 
The issue of whether Cr(VI) causes gastrointes-- Databases including Medline and EMBASE were tinal cancer has implications not only in exposed searched by two authors independently (RW and workers, but also in people who ingest Cr(VI) in CS) for all epidemiological studies on Cr(VI) and drinking water. In a recent survey of 35 large US stomach cancer (ICD·9 code 151). Searches cities, Cr(VI) was detected in 89% of the water included combinations of the keywords or phrases: systems tested.1 All levels were below the US stomach, gastric, gastrointestinal, cancer, citra. Environmental Protection Agency's (US EPA) mium, leather, tanning, stainless stee~ cement, 
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concrete, welding and metal plating. We also searched bibliog
raphies of all publications included in the meta-analysis and all 
relevant review articles. 

The meta-analysis included studies that provided relative risk 
(RR) estimates either specifically for Cr(VI) exposure or for 
workers in occupations known to be associated with Cr(VI) 
exposure, including chromate or chromium production and 
plating; leather work and tanning; Portland cement work; and 
stainless steel production, welding, polishing and grinding. Very 
few human studies have examined Cr(VI) in drinking water. 
Owing to this, and in order to maintain consistency by route of 
exposure, we excluded drinking water studies from the 
meta-analysis and review them in the discussion. 

Only data published in peer-reviewed scientific journals were 
used, and government or industry reports were excluded. 
Studies of general foundry work and construction were also 
excluded because exposure is most likely low in many of these 
workers. Studies of asbestos cement workers and studies of shoe 
manufacturing, welding and metal plating that did not specific
ally evaluate chromium, stainless steel or leather workers were 
also excluded. Studies that reported no cases of stomach cancer 
were also excluded because of the inability to calculate a vari
ance estimate, although this exclusion was evaluated in sensitiv
ity analyses. In a few instances, a single paper reported separate 
RR estimates for men and women, or separate RR estimates for 
workers in different job categories or at different worksites. In 
these instances, we included all relative risks meeting our inclu
sion criteria when no clear overlap was present. We used Byar's 
approximation to estimate Cis in cohort studies in which they 
were not provided.3 Each study was reviewed, and RR estimates 
and other information were abstracted independently by two 
authors (RW and CS). 

Some studies gave RR estimates for several different metrics 
of Cr(VI) exposure, such as average exposure, peak exposure or 
exposure duration. In observational epidemiology, it is uncom
mon for all, or even most, studies to report findings using the 
same exposure metric. As a consequence, meta-analyses fre
quendy involve combining data on different metrics. This 
meta-analysis is no different. When studies included RR esti
mates for different exposure metrics, we selected a single one in 
the following order: average exposure intensity, cumulative 
exposure and exposure duration. We chose this order a priori 
since analyses of other carcinogens have shown that exposure 
intensity may have a greater impact on cancer risks than expos
ure duration.4 5 Several studies also reported relative risks for 
different levels of exposure (eg, high, medium, low). Since our 
goal was to evaluate whether an association exists, rather than 
defining exact dose-response relationships or exact low expos
ure risks, we selected the RR for the highest exposure category. 
If a true association exists, higher exposures will usually be asso
ciated with higher relative risks, and higher relative risks, all else 
being equal, have greater statistical power and are less likely to 
be due to bias or confounding than relative risks near 1.0. 6 7 

The selected studies reported incidence rate ratios, ORs, stan
dardised incidence ratios (SIRs) standardised mortality ratios 
(SMRs) or proportionate mortality ratios (PMRs). Some studies 
reported RR estimates adjusted for variables such as smoking, 
and these were used when available. For studies reporting data 
on incidence and mortality, incidence data were selected. Some 
studies reported results for different latency periods (ie, the 
time from first exposure to cancer diagnosis or death). Since 
many environmental agents can take decades to lead to detect
able cancers, we chose the result for the longest latency, up to a 
maximum of 30+ years. For many cohort studies, publication 
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of initial results was followed by updates, usually extending the 
period of follow-up. In these, we used the most recent publica
tion giving the selected exposure metric or the largest number 
of cases. In a few publications of cement and leather work, Cr 
(VI) exposure was not specifically mentioned by the authors. 
These were included if the work processes described were those 
known to involve Cr(VI) exposure (eg, tanning or Pordand 
cement). Inclusion and exclusion criteria are summarised in 
box 1. 

In order to explore heterogeneity, we performed subgroup 
analyses on specific occupations, study design, incidence versus 
mortality, gender and country. Since it is possible that Cr(VI) 

lndusion criteria 
• Epidemiological studies of stomach cancer and Cr(VI) 

exposure or wort in an occupation known to be associated 
with Cr(VI) exposure indudlng chromate or chromium 
production and plating; leather wort and tanning; Portland 
cement wort; and stainless steel production, welding, 
polishing and grinding 

• Studies providing a relative risk estimate Ctncluding incidence 
rate ratios, DRs, standardised incidence ratios, standardised 
mortality ratios or proportionate mortality ratios) and the 
relative risk estimate's variance (or the data to calculate or 
estimate it) 

• Published in peer-n!Viewed scientific journals 
• If relative risk estimates are provided for different exposure 

metrics in a given study population, one metric was selected 
in the following order: average il'lll!nsity, cumulatlw 
exposure, exposure duration 

• If relative risk estimates are provided for different exposure 
levels in a given study population, the relative risk estimate 
for the highest level was selected 

• Relative risk estimates adjusted for age, sex, smoking, diet 
and/or socioeconomic status were selected over unadjusted 
results 

• If relative risk estimates for both stomach cancer mortafrty 
and incidence are reported in a given study population, the 
result for incidence was selected 

• If relative risk estimates for different latency periods are 
reported in a given study population, the result for the 
longest latency period up to a period of 30+ years was 
selected 

• For studies or relative risk estimates with overlapping 
populations, the most recent relative risk estimate with the 
selected exposure metric (eg, exposure intensity vs 
cumulative exposure; high vs low exposure level) or largest 
number of cases was selected 

Exdusion criteria 
• Unpublished data including government or industry reports 
• Occupations such as painting, general foundry work, 

construction and shoe (non-leather) manufacturing 
• Welding or metal plating studies that did not evalua12 

stainless steel or chromium wort 
• Studies involving wort with asbestos cement 
• Studies of all gastrointestinal cancers combined 
• Studies of Cr(VQ in drinking water 
• Studies reporting no cases of stomach cancer 

Welling R, eta/. Occup Environ Med 2014;0:1-9. doi:10.1136/oemed·2014-102178 
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exposures were too low in some studies to identify a true associ
ation, we conducted separate analyses of Cr(VI} and stomach 
cancer that included only studies in which elevated relative risks 
were identified for lung cancer, a well-established effect of high 
Cr(VI} exposure. In this analysis, since statistical significance is 
highly dependent on sample size (not just the presence of a true 
effect), we included all studies in which the RR of lung cancer 
was ~1.5 regardless of statistical significance. Several subgroup 
and other analyses were done to evaluate potential confounding 
(eg, from smoking) and to compare our meta-analysis to other 
recent meta-analyses on this topic. 

We calculated summary RR estimates using the fixed and 
random effects models. 8 9 We assessed heterogeneity among 
studies using the general variance-based method as described by 
Petitti.10 Statistical heterogeneity was defined as present if the p 
value of the x2 test statistic was below 0.05. Some authors have 
suggested that because the random effects model incorporates 
between-study heterogeneity, it is more conservative than the 
fixed effects model.10 However, a potential problem with the 
random effects model is that, unlike the fixed effects model, 
study weighting is not directly proportional to study precision. 
As a consequence, the random effects model gives relatively 
greater weight to smaller, less precise studies than the fixed 
effects model. This can sometimes lead to summary results that 
are less conservative than those produced using the fixed effects 
model.11 To avoid this problem, we used the method presented 
by Shore et a/12 for our main results. In this method, the 
summary RR estimate is calculated by directly weighting individ
ual studies by their precision, and between-study variability is 
only incorporated into calculations of variance (ie, the 95% en. 
We assessed publication bias using funnel plots and Egger's and 
Begg's tests. 13 14 The funnel plot is a graphical presentation of 
each study's effect size versus an estimate of its precision. This 
plot can be asymmetric if smaller studies with results that are 
null or in the unexpected direction are not published. In Egger's 
test, asymmetry in the funnel plot is formally tested by perform
ing a simple linear regression of the effect size divided by its SE 
on the inverse of the SE. In Begg's test, Kendall's rank order test 
is used to evaluate whether there is a correlation between the 
studies' effect sizes and their SEs. All calculations were per
formed using Microsoft Excel 2010 or STATA V.12 (College 
Station, Texas, USA) and all p values are two sided. 

RESULTS 
In total, 74 RR estimates, from 56 separate publications, met 
our inclusion criteria and were included in the meta-analysis 
(see online supplementalary table S1). Overall, 63 results (85%) 
were selected from cohort studies and 11 (15%) from case
control studies, and the meta-analysis involved studies that 
included 1399 cases of stomach cancer. Eighteen studies (24%) 
involved chromium production or plating, 23 (31 %) involved 
cement workers, 17 (23%) involved leather work including 
tanning, four (5%) involved Cr(VI} or stainless steel welding, 
and 12 (16%) involved other occupations such as ferrochro
mium or other stainless steel work. Studies excluded from the 
meta-analysis and the reasons for their exclusion are shown in 
online supplementalary table S2. 

The summary relative risk for all studies combined was 1.27 
(95% CI 1.18 to 1.38; p<0.001; table 1). A forest plot summar
ising the results and weights applied to each study is shown in 
figure 1. Seventy per cent of the individual RR estimates in the 
overall analysis were > 1.0. No single RR estimate received more 
than 14% of the total weight showing that no single study 
dominated the assigned weights. Summary relative risks were 
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elevated for cement (1.29; 95% CI 1.17 to 1.42) and leather 
work (1.46; 95% CI 1.23 to 1.72) but not for welding (1.06; 
95% a 0.72 to 1.56). For studies of Cr(VI} production and 
plating, the summary RR was above 1.0 (1.25; 95% CI 0.97 to 
1.60), but the 95% CI included 1.0. Summary relative risks 
were higher in case-control (1.55; 95% CI 1.16 to 2.07) than 
in cohort studies (1.26; 95% CI 1.16 to 1.37), males (1.30; 
95% CI 1.20 to 1.41) than in females (1.08; 95% a 0.65 to 
1.81), and in studies of mortality (1.39; 95% CI 1.24 to 1.57) 
than in studies of incidence (1.17; 95% CI 1.07 to 1.29), but 
differences were only statistically significant when studies of 
incidence and mortality were compared (p=0.02). In the 
studies that identified Cr(VI)-associated lung cancer relative risks 
~1.5 (the proxy measure for probable higher exposure), the 
stomach cancer summary relative risk was 1.41 (95% CI 1.18 to 
1.69; p<0.001) in all studies (figure 2) and 1.36 (95% CI 1.01 
to 1.81; p=0.04) in Cr(VI} production and plating studies. The 
variables adjusted or stratified for in each study are shown in 
online supplementalary table St. Only nine studies adjusted for 
some indicator of smoking, diet or socioeconomic status (SES), 
and the RR for these studies was 1.31 (1.01 to 1.69). Results in 
almost all analyses were similar regardless of whether the 
random effects model or the fixed effects model with the cor
rection for between-study variability was used. For example, in 
the meta-analysis of all studies combined, the results using these 
two models were 1.28 (95% CI 1.16 to 1.41) and 1.27 (95% 
CI 1.18 to 1.38), respectively. 

We saw no evidence of asymmetry in the funnel plot of all 
studies combined (figure 3), or in the funnel plots of each sub
group analysis (not shown). Egger's and Begg's tests also 
showed no consistent evidence of publication bias. For example, 
in the all studies combined analysis, the bias coefficient for 
Egger's test was 0.16 (p=0.55). In the analysis of all studies 
with lung cancer relative risks ~1.5, the Egger's bias coefficient 
was 0.22 (p=0.64). 

DISCUSSION 
The overall summary relative risk of 1.27 (95% CI 1.18 to 
1.38, p<0.001) provides evidence that Cr(VI} inhalation 
increases the risk of stomach cancer. The narrow CI, excluding 
1.0, and the low p value provide evidence that this result is not 
due to chance. A major finding here is that the summary relative 
risk for stomach cancer was elevated in those studies in which 
Cr(VI}-associated lung cancer relative risks were also elevated, 
both in the analysis of all job categories combined (summary 
relative risk=1.41; 1.18 to 1.69; p<0.001) and in the analysis 
of chromium production and plating studies (summary relative 
risk=1.36; 1.01 to 1.81; p=0.04). Since Cr(VI} exposures, in 
general, are likely to be higher in those studies where increases 
in lung cancer were found, the presence of a positive lung 
cancer finding may be a valid surrogate for high Cr(VI} expos
ure. As such, these latter findings provide additional evidence 
that the positive findings seen in this meta-analysis are due to 
Cr(VI}. 

Statistically significant heterogeneity was seen in the 
meta-analysis of all studies combined (x2 =139.6, p<0.001), 
and the Cis of several studies did not include the summary rela
tive risk. However, we did not see statistically significant hetero
geneity in most other analyses performed, including the analyses 
of studies with elevated lung cancer risks <i=22.6, p=0.31). In 
observational epidemiology, study designs, populations, 
methods of assessing exposure and outcome, and statistical ana
lyses are rarely, if ever, the same. As such, some variation across 
study results is expected. The fact that statistical heterogeneity 
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Table 1 Results of the meta-analysis of Cr(VI) exposure and stomach cancer 

All studies 
Job type 

Production or plating 
Cement work 
Leather work 
Welding 
All other 

Study design 
Ca51H011trol 
Cohort 
PMR studies 
SMR studies 
Other 

lnddence vs mortality 
lnddence studies 
Mortality studies 

Gender 
Males only 
Females only 

Lung cancer RR ~ 1.5 
All studies 
Production or plating 

Counny, region 
Europe 
North America 
Asia 

No. of 
cases 

1399 

113 
903 
237 

31 
115 

130 
1269 
353 
293 
623 

738 
661 

1258 
23 

170 
78 

859 
419 

121 

No. of 
results* 

74 

18 
23 
17 
4 

12 

11 

63 
10 
32 
21 

30 
44 

59 
6 

21 
13 

48 
16 
10 

Fixed effects model 

RRs 

1.27 

1.25 
1.29 

1A6 
1.06 
0.96 

1.55 

1.26 
1.60 
1.14 
1.16 

1.17 
1.39 

1.30 
1.08 

1.41 

1.36 

1.16 

1.50 
1.34 

Cit. 

1.20 

1.02 
1.20 
1.27 
0.72 
0.79 

1.16 
1.19 

1A3 
1.00 

1.07 

1.09 
1.28 

1.22 
0.72 

1.19 
1.06 

1.08 

1J6 
1.10 

Clu 

1J5 

1.53 
1.38 
1.67 
1.55 
1.17 

2.07 
1.34 
1.78 
1.29 
1.26 

1.27 
1.51 

1.38 
1.63 

1.67 
1.73 

1.25 

1.66 
1.62 

Shore 
adjusted Cl 

1.18 

0.97 
1.17 

1.23 
o.n 
0.69 

NA 
1.16 

1.43 
0.95 

1.04 

1.07 
1.24 

1.20 
0.65 

1.18 

1.01 

1.116 
1.31 
1.03 

1J8 

1.60 
1A2 
1.n 
1.56 
1.33 

NA 
1J7 

1.78 
1J6 
1.29 

1.29 
1.57 

1A1 
1.81 

1.69 
1.81 

1.27 
1.n 
1.74 

Random tfftds model 

RRs 

1.28 

1.25 
1.37 

1.33 
1.08 
1.12 

NA 
1.25 
1.60 
1.17 
1.17 

1.21 
1J2 

1J3 
1.14 

1A1 
1J1 

1.20 
1A7 
1J1 

Cit. 

1.16 

0.95 
1.21 
1.08 
0.72 
0.78 

NA 
1.13 

1A3 
0.96 
1.D3 

1.07 
1.14 

1.19 
0.61 

1.16 
0.96 

1.06 
1.24 
0.94 

Clu 

1A1 

1.65 
1.54 
1.64 
1.56 
1.60 

NA 
1.39 

1.79 
1A3 
1J4 

1J6 
1.53 

1A7 
2.11 

1.71 

1.80 

1.35 
1.75 
1.81 

139.6 

25.9 
42.7 

23.6 
3.0 

31.7 

8.2 
129.6 

9.3 
61.5 

33.6 

41.1 
89.8 

112.8 
8.0 

22.6 
16.9 

78.2 
27.9 
16.7 

<ll.ll01 

o.os 
0.1105 
0.10 
OJ9 

<0.001 

0.61 
<0.1101 

OAt 

<0.1101 
OJB 

0.07 
<0.1101 

<0.001 
0.16 

OJ1 
0.15 

O.D03 
0.02 
0.05 

1;1.7 

34A 

48A 
32.1 

o.s 
65.3 

NA 

52.2 
2.9 

49.6 

40A 

29.4 
52.1 

48.6 

31A 

11.4 
29.0 

39.9 
46.3 
46.1 

*Some publlcatlons provided two or mOll! results that met 1he inclusion crlll!ria but did not invDivl! lllll!rlappillg populllions (eg. sepn1e l!!lllls for males and females). 
Cl1... illll'ler 95'111 Cl; Clu. upper 95'111 Ct tl, the percentage of total Vlliatian aaass 5IUdles due tD hel!rogenetty rather 1han dlanCI!; NA, not applicable (Sbllll! aljusll!d 0 (applied 1D the 
fixed effects RR) and the random effacts model are lilly used when1he r hell!rOgl!llelty !tllliStlc is gll!ilter than the numbll' of indvidual Sllldy 11!5U1rs minus one); PMll. pnJportionate 
monallty ratio; RR. rela!M! risk estimate; RRs. summary relative riSk; SMR. standardised mortality ratio; r. r hea!mgl!nelty stalisltc. 

was not present in most of the subgroup analyses we performed 
highlights the overall consistency in many of these results. This 
consistency is supported by the fact that the large majority of 
individual RR estimates are > 1.0. For example, in the analysis 
of all studies combined, 52 of 74 RR estimates are >1.0. The 
probability that this would occur by chance alone is 0.0002. 

In this meta-analysis, as in almost all meta-analyses of epi
demiological data, studies using different exposure metrics (eg, 
average exposure, exposure duration) were combined. The use 
of different metrics can potentially affect summary relative risks, 
but the likely direction is towards the null, not towards a false 
positive result. The reason for this is that if Cr(VI) is truly asso
ciated with stomach cancer, some metrics are likely to be more 
strongly associated with stomach cancer than others, and includ
ing less relevant metrics would dilute summary relative risks 
towards 1.0. H every study had reported data on the same single 
metric that was most strongly associated with stomach cancer, it 
is likely that the true summary relative risks would be even 
higher than those reported here. A similar effect could have 
resulted from our including studies with different levels of Cr 
(VI) exposure or different forms of Cr(VI). That is, if a true 
association exists, the inclusion of studies in which Cr(VI) expo
sures were relatively low would most likely bias results towards 
a summary relative risk of 1.0, not towards a false association. 
Previous research suggests that the absorption fraction is higher 
for soluble chromium compounds than for insoluble forms. 15 

4 

Few of the studies used in this meta-analysis provided details on 
Cr(VI) solubility. H less soluble forms are less carcinogenic, 
including studies involving these less soluble forms would dilute 
any associations due to soluble Cr(VI) to the null. It is most 
likely that all studies had at least some errors in assessing expos
ure. However, since they all 'assessed exposure using the same 
methods in people with and without cancer, this misclassifica
tion was most likely non-differential and also most likely biased 
findings towards the nulL 

Another factor that can potentially impact results is con
founding. Most studies controlled for age and sex, but few 
adjusted for other factors (see online supplementalary table Sl). 
The known risk factors for stomach cancer include older age; 
male sex; chronic gastritis and polyps; Helicobacter pylori infec
tion, certain genetic abnormalities; lifestyle factors such as 
smoking, alcohol and diet (low fruit and vegetable intake or 
high intake of salted, smoked or nitrate-preserved foods); and 
coal mining, nickel refining, rubber and timber processing, and 
possibly exposure to asbestos.16 Importantly, confounding 
factors must typically be associated with both Cr(VI) and 
stomach cancer, and dtese associations must be fairly strong to 
cause important confounding. 17 Some factors are most likely 
too rare (eg, genetic disorders, family history) or not associated 
strongly enough with Cr(VI) exposure (eg, Helicobacter pylori, 
a major risk factor for stomach cancer) to cause important con
founding. Some cement products contain asbestos. 1 8 Although 

Welling R, eta/. Occup Environ Med 2014;0:1-9. doi:10.1136/oemed·2014-10217B 
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~ ------------------------------------------------------------~ 

~. ' - ... ,..... .. .... ··~ ' .l 

Study 
ID 

Ahn el eL. 2008 
Amandus,1988 
Axeluon el al., 1980 
Becker, 1999 
Costantini et al., 1889 
Dab el al.. 2011 
Danielsen et al., 1996 
Davies et al., 1991 - Bollon 
Davies et al.. 1991 • Eagleacllll 
Davies et al., 1991 • Rutherglen 
Deschamps et el, 1995 
Edling at al., 1988 
Franchini et al., 1983 
Gandnnt and Wegman, 1884- lema!• 
Garallnm and Wegman, 1984- males 
Gonzales et al.. 1991 - bricklayer 
Gonzale8 at al., 1991 - leather 
Hara at al., 2010 
Hayes at al., 1989 
H= et al., 1990 
H and Pukkala, 2013 
JakDbsaon et al., 1993 
Jakobsson al al.. 1997 
Jarvholm et al .. 1982 
Kano at al., 1993 
KnaUer et al., 1990 • leather produc:lll 
Kneller at aJ,, 1990 • IBMBIII 
Koh at al., 2013 
I<Diallus at al.. 1993 • L8varkuaan 
Korallus at al., 1993 • Ullllllngan 
Knstev at al., 2005 • females 
Kndev at al., 2005 - males 
l..angArd al al., 1990 
Llpworlh at al., 2011 
Malin at al., 1989 
McDowall, 1984 • packing 
McDowall, 1984 • labor 
McDowall, 1984 • maintenenc:e 
Mlkoczy and Hagmar, 2005 
Minder and Baer·Porlzak, 1992 
Monlanalu at al .. 1997 
Moulin et al., 1990 
MouUn et al., 19938 
Moulin et al., 1993b 
Moulin et al., 1995 - plant 1 
Moulin at al., 1995 - plant 2 
Pantnl et al., 1998 
PlppaJd et al .. 1985 
Pukkala at al., 2008 • Nordlo 
Pukkala el al., 2009 • Danmlllk 
Pulckala at al., 2009 • Finland 
Pukkala et al., 2009 - NGway 
Ralnsaon at al., 1997 
Robinson et al., 1995 
Roaenman and Stanbury, 1998 
SaJg and Allerman, 2005 • nonwhite 
Salg and Allerman, 2005 • while 
Sanllbanez et al., 2012 • brlcldayer masons 
Sanllbanez at al .. 2012 • leather 
Satoh at al., 1981 
SllviiiSlaln at al .. 1981 • males 
Slmonato at al., 1991 
S)6dahl at al., 2007 
Smallyte at al .. 2004 
Somhan et al.. 1987 • females 
Sorahen at aL. 1987 ·males 
Sorahen and HarrlngiDn. 2000 
Slam el al, 2001 
SWeeney el al., 1985 
Walralh at al., 1987 - fernaln 
WaJndh at eJ .. 1987 • males 
Welderp811 at al., 2003 
Xu et al., 1998 • cement 
Xu el 81..1996 ·pia~ 
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Figure 1 Forest plot of studies included in the meta-analysis of Cr(VI) and stomach cancer: all studies combined. 
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this could have potentially confounded results in cement 
workers, we excluded studies specifically in asbestos cement 
workers. In addition, high asbestos exposures were not known 
to have occurred in the other occupational categories assessed 

and summary relative risk estimates in cement workers were 
similar to those in several other job categories. A few studies 
adjusted for smoking, diet or SES, but the impacts of these 
adjustments are inconsistent, with an increase in relative risk 
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Figure 2 Forest plot of studies included in the meta-analysis of Cr(VI) and stomach cancer: only studies with lung cancer relative risk estimates ~1.5. 

estimates in some studies but a decrease in others. Axelson has 
shown that confounding by smoking may cause relative risks as 
high as 1.5 for lung cancer in occupational studies. 17 However, 
smoking-associated relative risks for stomach cancer are much 
lower than those for lung cancer, so the impact of smoking as a 
confounder is likely to be much less in studies of stomach 
cancer than in studies of lung cancer. Using the Axelson 
methods, and data on smoking-stomach cancer relative risks 

Figure 3 Funnel plot of studies 
included in the meta-analysis of Cr(VI) 
and stomach cancer: all studies 
combined. 
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(about 1.5); 9 we estimated that confounding by smoking is 
unlikely to cause a relative risk > 1.1 in occupational studies of 
stomach cancer. 

The higher summary relative risks we identified for studies 
with positive lung cancer findings may indicate higher Cr(VI) 
exposure or it may indicate greater confounding by smoking. 
However, in a meta-analysis of those studies with lung cancer 
relative risk estimates ~1.5 that provided data on non-malignant 

2 4 
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respiratory disease (which is also caused by smoking), the 

summary RR for non-malignant respiratory disease was not ele

vated (RR=l.OO; 95% CI 0.71 to 1.40; n=9; median relative 

risk estimate=0.91), providing evidence that smoking did not 

confound out results. 
Other potential biases include the healthy worker effect and 

biases related to the inclusion of case-control studies (eg, recall 

bias or biased selection of controls). Although the summary rela

tive risk for case-control studies was higher than that for cohort 

studies, the difference between these two was not statistically 

significant (p=0.18). The healthy worker effect would primarily 

affect studies comparing exposed workers to the general popula

tion (eg, SMRs) and this effect would most likely bias SMRs 

downwards. Although the extent of this bias here is unknown, 

evidence of the healthy worker effect has been reported for 

several different cancer types and in a number of different occu
pational settings.zo-zz 

In this meta-analysis, neither visual inspection of the funnel 

plot nor Egger's or Begg's test showed evidence of publication 

bias, although the funnel plots are open to subjective interpret

ation, and Egger's and Begg's tests can be affected by factors 

other than this bias. Overall, while we did not see clear evi

dence of this bias, it is potentially an issue in any 

meta-analysis. 
Two previous meta-analyses of Cr(VI) and stomach cancer 

have been published. In Gatto et a/,23 the summary relative risk 

involving 29 studies was 1.09 (95% CI 0.93 to 1.28). Similar to 

our meta-analysis, the Gatto et a/ meta-analysis included studies 

of chromium production, cement and leather workers (see 

online supplementalary table S3), but the individual study 

results are presented only in figure form, making direct compar

isons with our meta-analysis difficult. One clear difference is 
our inclusion of many more results (74 vs 29), particularly from 

cement and leather workers, but also from studies of stainless 

steel and chromium plating workers. The summary relative risk 

using the individual RR estimates we abstracted for the 29 

studies used by Gallo et a/ was somewhat lower than out 

meta-analysis of all 74 studies (1.22; 95% CI 1.05 to 1.41 vs 

1.27; 95% CI 1.18 to 1.38). Another difference may have been 

our use of RR estimates from subgroups that are more likely to 

be highly exposed (eg, exposure duration ~10 years), although 

direct comparisons are difficult for the reason given above. ~ 

also excluded five studies used by Gatto et a/ because they were 

unpublished, involved painters or foundry workers with uncer

tain exposure,24 25 or overlapped with the already included 
studies.26 27 However, adding these five excluded studies to our 

meta-analysis of all studies caused little change (1.27; 95% CI 

1.18 to 1.37) since most of these studies only received a small 

amount of the total weighting. In a meta-analysis by Cole and 

Rodu, the authors reported that the summary relative risk 

between Cr(VI) and stomach cancer was lower in studies that 

adjusted for SES than in studies that did not adjust for this vari

able (RR=0.82 95% CI 0.69 to 0.96 vs RR=1.37; 95% CI 

1.23 to 1.53), and concluded that SES was responsible for any 

apparent association seen between chromium exposure and 

stomach cancer. 28 However, one of the authors' criteria for 

these analyses was that studies "that were negative or essentially 

negative with respect to chrome exposure were included with 

the papers that were controlled [for SES]." In our evaluation of 

the studies used by these authors in their SES-controlled ana

lysis, we were unable to find any mention of adjustments for 

SES (or any related variable) in 13 of the 14 studies (93%) 

included. Thus, the subgroup analysis titled 'SES-controlled' 

appears to be a misnomer, and instead reflects their criterion of 

Welling R, eta/. Occup Environ Med 2014;0:1-9. doi:10.11361oemed·2014-102178 

studies that were 'negative or essentially negative with respect to 

chrome exposure.' 
A variety of data support the biological plausibility of our 

results. Cr(VI) is a well-documented human lung carcinogen, 

and there is abundant evidence that airborne Cr(VI) is systemic

ally absorbed. For example, studies in a variety of occupational 

settings have shown that Cr(VI) exposed workers have elevated 

blood or urine chromium levels compared to unexposed con
trols.29 30 These data show that airborne Cr(VI) not only 

reaches the lungs, but that at least some of it is also intemally 

absorbed and therefore most likely distributed to other organs. 

This systemic absorption may occur directly through the lungs, 

or particulates containing Cr(VI) that settle in the trachea and 

bronchi may be cleared by mucociliary action and then swal
lowed. 31 This swallowed Cr(VI) would come into direct contact 

with the stomach mucosa. Once in the stomach, ingested Cr(VI) 

is reduced by the acidic environment of the stomach to Cr(III), 

which is poorly absorbed. However, this reduction may not be 

complete, and most studies suggest that at least some ingested 

Cr(VI) escapes gastric reduction and is absorbed. 32 In studies in 

rodents, administration of Cr(VI) in drinking water has resulted 

in statistically significant increases in benign and malignant 

stomach tumours (combined)/ 1 33 papillomas or carcinomas 

(combined) of the oral cavity, and adenomas or carcinomas 

(combined) of the small intestine.34 In humans, Beaumont 

et a/35 reported a RR of 1.82 (95% CI 1.11 to 2.91) for 

stomach cancer mortality in an area where Cr(VI) pollution 

from a ferrochromium factory caused widespread Cr(VI) con

tamination of nearby drinking water sources, although issues of 

dose-response and other potential biases have been 

debated. 6 37 In an ecological study in a province in Greece 

with Cr-contaminated water, SMRs were elevated for liver 

(SMR= 11.0; 95% CI 4.05 to 24.0) and lung cancer 

(SMR=1.45; 95% CI 1.00 to 2.03).38 The SMR for stomach 

cancer was above 1.0 but was not statistically significant 

(SMR=1.21; 95% CI 0.44 to 2.63). 
The exact mechanisms by which Cr(VI) causes cancer are 

unknown, but evidence for several possible mechanisms exists. 

These include indirect and direct effects on DNA, epigenetic 

effects, gene regulation effects and direct cytotoxicity. Cr(VI) 

readily enters cells via active transport through anion channels 

and intracellular reduction follows, producing reactive inter

mediate Cr valences, Cr(V) and Cr(IV) and ultimately Cr(III), 

which is DNA-reactive. Reactive oxygen species, oxygen radicals 
and other reactive molecules generated during this reduction 
process are postulated to have genotoxic effects as well. 39

-4
6 In 

vitro studies have revealed that Cr(VI)-induced mutations can be 

generated through different types of DNA damage such as inter

strand crosslinks, DNA-protein crosslinks and DNA adducts, as 

well as single-strand and double-strand DNA breaks. 41 47 48 

Studies of Cr(VI)-exposed tannery workers show evidence of 

genotoxic effects including chromosomal aberration, micronu

clei formation, DNA breaks and higher levels of DNA damage 

in lymphocytes as determined by a comet assay.49
-
52 In a study 

of chrome plating workers, chromium-induced DNA damage as 
measured by three comet assay components was significantly 

increased in exposed workers.29 As a whole, these studies, along 
with the positive animal bioassays discussed above, 34 all provide 

biological plausibility for the findings of this meta-analysis. 

CONCLUSIONS 
The zesults of this meta-analysis suggest that Cr(VI) exposure is 

associated with increased risks of stomach cancer. An important 

feature of this study is that summary relative risks were elevated 
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in a number of different occupational settings and in the sub

group of studies in which lung cancer risks were also elevated. 

As with almost all meta-analyses, ronfounding and publication 

bias cannot be entirely ruled out. Few studies adjusted for some 

of the known risk factors of stomach cancer, including smoking, 

although an analysis of the potential magnitude of confounding 

from smoking suggests that this was unlikely to have caused the 

associations we observed. The exact relevance of our findings to 

Cr(VI) in drinking water is unknown. Differences in reduction 

and absorption patterns across the different routes of exposure 

could potentially impact toxicity. For example, the acidic envir

onment of the stomach converts some ingested Cr(VI) to the 

poorly absorbed Cr(ID), although several studies have shown 

that this process is not romplete and some ingested Cr(VI) is 

absorbed. 3 54 Another difference is that drinking water expo

sures are generally much lower than occupational exposures, 

and this meta-analysis cannot be used to define exact dose

response relationships or low exposure risks. However, owing to 

the difficulties associated with studying lower exposures in 

human populations (a greater probability of bias, ronfounding 

and insufficient power),6 37 55 chemical risk assessments and 

regulatory standards are frequently based on higher exposure 
occupational studies like the ones used here.56 Another ronsid

eration is that drinking water exposures may cause greater tox

icity because they can take place over the long term (eg, 

lifetime) and are more likely to occur at particularly susceptible 

life stages (eg, in fetuses, children and pregnant women) than 
exposures occurring at work. Thus, despite the different route 

and magnitude of exposure, our findings could have some rele

vance to efforts to regulate Cr(VI) in water in that they provide 

evidence that Cr(VI) is a cause of cancer in the human gastro

intestinal tract and support the animal and limited human data 

linking ingested Cr(VI) to stomach cancer. US EPA and some 

states are considering regulating Cr(VI) in drinking water based 

on its potential carcinogenicity in the gastrointestinal tract, and 

California has recently established the first drinking water stand

ard for Cr(VI) in the USA. The results of this study support 

such efforts. 
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Figure 1. Ex-vivo model predictions in the rat for different reaction schemes. Data in first 
three panels were used for calibration; data in the lower-right panel were not used for calibration. 
Two of the revised rat parameters were fixed to values :from the mouse modeL An improved 
model fit at high initial Cr-VI concentrations is achieved by assuming additional reducing agents 
are present in the gastric fluid and contents. At low concentration, minimal improvement is 
achieved (the 2- and 3-reducing agent model results are indistinguishable at 0.1 ppm). Data 
graciously provided by Summit Toxicology and ToxStrategies, Inc. 
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Figure 2. EI-vivo model predictions in the mouse for different reaction schemes. The original and revised 
3-reducing agent models are presented. Data in first five panels were used for calibration; data in the lower

right panel were not used for calibration. As with the rat, the single reducing agent model deviates most from 
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Figure 3. Ex-vivo model predictions in the human. The original and revised models are presented. Both 
models assume a single reducing agent At high initial Cr-VI concentration, the original modellDlder-predicts 
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Revised ex vivo model 

Chromate speciation of chromate can be described by four reversible reactions (Brito et al., 
1997): 

H+ H C 0 K (HzCr04) 3. HCr04 + ~ 2 r 4; 21 = [Hcro;][H+J 

Given the pH (i.e., [H+]) and mass balance for total Cr-VI, 

[Cr042-] + [HCro4-] + 2[Cno.r-] = [Cr-Vl]Totai, 

these can be solved algebraically for the individual chemical species concentrations as a function 
of [ Cr-VI]Totat: 

where 

and 

2_ _ - B + Ja2 + 4·A·[Cr-VIJrotai 
[Cr04 ] - 2.A , 

A= 2·1<2r(Kll"[H1)2·(1 + K32·[H1), 

B = 1 + Kn·[H+]·(1 + l<lt·[H1), 

[HCro4-] = Ktt·[H+]-[Cr042-], 

[H2Cr04] = l<lt"[W]-[HCr04-], 

[Cnol-] = l<lr[HCro4-]2. 

Our final assumption (rationale will be explained in our forthcoming paper) was to allow 
Croi- to have a reactivity defmed as a fraction,/, of that for H2Cr04 and HCr04-.For each 
reducing agent poot p, the rate of reduction was defined as: 
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The total rate of reduction, assuming three reducing agents (with unknown or effectively 
unlimited third pool): 

rnx~ = (kr[Rr] + k.,-[Rs] + kv.v)·([H2Cr04] + [HCr04"] + f[Croi·]). 

Here the subscript "f' indicates a pool which is expected to react and be depleted quickly (&st), 

"s" indicates a pool that reacts and is depleted (more) slowly, and ''vs" one that reacts and is 

depleted very slowly. Note that we are not suggesting that there is actually an infinite reducing 

capacity in the 3rd pool;just that the concentrations of Cr-VI used in the experiments are not 

sufficiently high to significantly deplete this third poo~ hence the size of the pool cannot be 

estimated using the data and it can be treated as unlimited in the concentration range being 
analyzed. 

Table 1. Final kinetic parameters for Cr-VI reduction in gastric juice of rats and mice (3-pools) 
and humans (1-pool) 

Symbol Definition (units) Value 

Species-Independent Parameters 

K11 Equilibrium constant (M"1
) 1080 

K22 Equilibrium constant (M"1
) 132 

Klt Equilibrium constant (M"1
) 13.2 

I<l2 EqUilibrium constant (M"1
) 15.2 

f Fractional reactivity of Cr042- (no units) 0.0025 

Species-Specific Parameters Rat Mouse Human 

kr Fast binary rate constant (L/mg-min) 2.4• 2.4 0.62 

ks Slow binary rate constant (L/mg-min) o.l5• 0.15 

kvs Very slow first-order constant (1/min) 0.058 0.044 

Ror Fast reducing agent pool size (mg!L) 4.1 2.9 10 

Ros Slow reducing agent pool size (mg/L) 18 31 

•kr and ks for the rat where fixed at the values estimated for the mouse 
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Comparison of mouse and rat Cr6 stomach loading and reducing capacity (adapted :from Proctor 
et al. (2012)) 

Water Cr61ntake 
Cr6DW Intake 
(mg/L) per per event 

event (L) 
(mg) 

0.1 0.00002 

1.4 0.00028 

5 0.001 

21 
0.0002 

0.0042 

60 0.012 

180 0.036 

0.1 0.00007 

1.4 0.00098 

5 
0.0007 

0.0035 

21 0.0147 

60 0.042 

180 0.1274 .. 
*Ongmal published value 

tRot from Table 1 

*The sum of Rot and Ros from Table 1. 

Reducing Stomach 
capacity contents 
(mg/ml) (ml) 

Mouse 
0.0166 

(original)* 

0.0029 
(fast)t 0.2 

0.0339 
(fast+slow)* 

Rat 
0.0157 

(original)* 

0.0041 1 (fast)t 

0.0221 
(fast+slow)* 

Total Cr6 Intake per event as 
reducing %of reducing capacity 

equlv. Fast+ 
(mg) Orlg. Fast slow 

0.0033 0.6 3.4 0.3 
(original) 8.5 48.3 4.1 

0.00058 30 172 15 
(fast) 130 724 62 

0.00678 360 2069 177 

(fast+slow) 1100 6207 531 

0.0157 0.4 1.7 0.3 
(original) 

6.2 24 4.4 

0.0041 22 85 16 
(fast) 94 360 67 

0.0221 270 1024 190 

(fast+slow) 810 3107 577 
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The concentration In the duodenum lumen, and the pyloric flux (dally un-reduced Cr6 emptied from the stomach 
to the small Intestine, per L small intestine), are not sensitive to the systemic PBPK model (assuming low Cr6 
absorption in the stomach). The two alternate models, containing different structure, gastrointestinal reduction 
kinetics, and PBPK parameters, produce nearly Identical results when this particular dose metric Is examined. 
However, these dose metrics would Indicate that rats are more susceptible than mice, which does not agree with 
the NTP bioassays (NTP, 2010, 2008). 
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Figure S-5. Comparison of predicted concentration of hexavalent chromium In the duodenum lumen (left) and 
flux into the duodenum from the stomach (right) using the revised model and the original model by Klrman et 
al. (2012). Predictions were made using common Gl transit rates, lumen volumes, and pH levels. · 

If flux Is normalized by body weight (Instead of total small intestine volume), the estimated susceptibility is 
reversed. Pyloric flux normalized by body weight can be interpreted as the administered Cr6 dose (mg/kg-d) that 
escapes reduction In the stomach. 
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Figure S-6. Flux Into the duodenum from the stomach, expressed as per kg body weight (as opposed to per L 
small intestine). For these results, mice are shown to be more susceptible than rats over a wide range of doses. 
The grey dotted line indicates the results of any model if zero Cr6 reduction Is assumed (I.e., 100% of the Cr6 
escapes reduction, thus assuming Internal dose= administered dose). The original model assumes that a 
greater percentage of the administered dose escapes stomach reduction than the revised model. 
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The flux dose metric does not require the development of a whole-body PBPK model, since It only requires 
simulation of stomach lumen kinetics. Assuming negligible Cr6 uptake Into the stomach tissue, model predictions 
of flux from the stomach to the duodenum are equivalent for the "lumen-only" model and the whole-body PBPK 
model. As a result, It was possible to estimate the flux In humans using stomach parameters from Klrman et al. 
(2013). The estimated difference between mice and humans are reduced when flux Is scaled by body weight. 
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Figure S-7. Flux Into the duodenum from the stomach, expressed as per L small intestine (left), and as per kg 
body weight (right) In humans and mice using the revised kinetics. Results are similar to those estimated using 
the model by Kirman et al (2012, 2013) (not shown). 

The flux dose metric was found to be sensitive to the simulated Cr6 exposure pattern, particularly In the low-dose 
region. 
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Figure S-8. Flux Into the duodenum from the stomach (per 
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humans. 
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If mice and humans are simulated with equivalent bolus dose exposure profiles, the flux dose metric (scaled by 
body weight) produces nearly equivalent results for both species. 
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Figure 5-9. Flux into the duodenum from the stomach, expressed as per kg body weight. Both human and 
mouse models are sensitive to the assumed drinking water dose profile. Models were run assuming either 
continuous 24-hour mg/kg-d oral dose, or doses as multiple discrete bolus events throughout the day. 

It should be noted that all results presented above (Figures 5-4 through 5-9) were derived from simulated steady
state scenarios for average standard rodents and humans. Rodent simulations of both the current and prior PBPK 
models were not designed to derive lifetime average dally dose-metrlcs for the NTP bioassays (NTP, 2010, 2008). 
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Figure 5-10. Flux Into the duodenum from the stomach, expressed as per kg body weight Figures contain the 
results using the original model by Klrman et al., and the new model. Simulations on the left were run assuming 
continuous 24-hour mg/kg-d oral dose, while those on the right assumed doses as multiple discrete bolus 
events throughout the day. In the low dose region, the original and revised models predict similar results under 
both dose assumptions. For doses above 1 mg/kg-d, models diverge if assuming continuous oral dose. Less 
divergence is estimated if assuming bolus exposure. 
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Dose-response curve of duodenum tumors (adenomas+carclnomas) plotted against chromium-6 parts per million, 
and the original PBPK model internal dose-metric (by Summit Toxicologles/ToxStrategles/ACC). Internal dose
metric presenteEI here Is not the pyloric flux presented In the simulations from Agures 5-4 through 5-10, but the 
estimated site-specific absorption of Cr6 through the duodenum, scaled by duodenum tissue volume (mg Cr6 
absorbed/L duodenum/day). This flux was re-scaled to fit on the same x-axis as ppm Cr6. 

In the Cr6 RfD paper (Thompson et al.), the authors had preferred to use the site-specific absorption 
dose-metric (mg Cr6 absorbed/L tissue/day), and perform dose-response modeling on male and female 
data, with duodenum, jejunum, and ileum data all on the same d-r curve. 

Based on the comments to Cal EPA which I've seen, they claim this approach is more robust than 
focusing on either the duodenum alone, or the whole lumped small intestine (since they are using many 
more data points and dropping less doses). But since the Incidence is very low for jejunum/ileum (zero 
for much of the data), it pulls the dose-response curve downward even further. 

In going through the individual-level NTP data, I was surprised to find that most rodents with 
adenomas/carcinomas of the jejunum did NOT have adenomas/carcinomas In the duodenum. The Issue 
could be that the small intestine is not a very "well-mixed" system (an underlying assumption in PBPK 
models). Some variation between rodents might have caused Cr6 to absorb in the jejunum/ileum but 
not the duodenum of some of rodents. These are not accounted for in the models. 

Uncertainties in the PBPK modeling predications increase as you go further down the Gl tract. The 
authors themselves even told me this. In my opinion, predictions in the jejunum/ileum might not be 
very reliable in any of our models. 



Materials for discussion only. Do not cite or quote 

Note that the modeling work and parameters in Kirman et al. (2012) was revised by the authors based 
on EPA comments. We had found some minor mass balance mistakes, a major units mistake (they had 
mistakenly divided the cardiac output by 24), and a mistake in RBC/plasma metabolism (they mistakenly 
used the RBC reaction constant for the plasma, and forgot to use the plasma reaction constant). The 
erratum can be found here: 

http://www.ncbi.nlm.nih.gov/pubmed/22981460 

All simulations in Thompson et al. use their revised/corrected PBPK. 

Without much fanfare, TERA released their peer-review reports of many of the ToxStrategies papers. 
The reports and comments from reviewers can be found here: 

http://www.tera.org/Peer/Chromium/Chromium.htm 

These reviews were done before all studies were published. Since the reviewers did not have access to 
the PBPK modeling code (this is indicated by one of the reviewers), there were unable to find some of 
the errors we encountered. 
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Fasting Gastric pH and Its Relationship to 
True Hypochlorhydria in Humans 

MARK FELDMAN, MD, and CORA BARNEIT, BS 

Abnormally low rates of gtutric acid secretion (hypochlorhydria) are associated with 
bacterial overgrowth, enteric ircfection, and with lrypergastrinemia and an increased risk 
of gastric neopltums.In the present study, we evalutJted the abiUty of fasting gastric juice 
pH measurements to detect true hypochlorhydria. True hypochlorhydria wtu defined tu a 
peak acid ouiput in re,Po11Se to a maximally effective stimulant of acid secretion that was 
below the lower limit of normal for 365 coMecuttve healthy subjects. In these healthy 
subjects, average btual pH was 2.16 ± 0.09 in men and 2.79 ± 0.18 in women. In 109 
consecutive experiments in 28 subjects with true hypochlorhydria, /tutlng gastric pH 
averaged 7.44 ± 0.11 in men and 7.65 ± 0.33 in women. Ftuting pH exceeded the upper 
95% confidence limit of normal (5.09 in men and 6.81 in women) in 102 of the 109 
experiments (94%). Thus ,fasting pH measurement was a sensitive method/or diagnosing 
bona fide hypochlorhydria. 

KEY WOBDS: pH; hypochlorhydria; peak acid output. 

The usefulness of fasting gastric juice pH measure
ments in the diagnosis of true bypocbJorhydria bas 
not been studied rigorously. If predictive for true 
hypochlorhydria, fasting gastric pH measurements 
could have clinical utility, since individuals with 
true hypochlorhydria are prone to develop gastric 
bacterial overgrowth (1), enteric infections (2, 3), 
and, perhaps most importantly; hypergastrinemia 
with its potential for enterochromafBn-like cell hy
perpJasia and neoplasia (4-7). In the present study, 
we established the upper limit of normal for fastin& 
gastric pH from results in 365 healthy men and 
women and then applied these pH criteria to results 
of 109 experiments performed in 28 subjects with 
true hypochlorhydria. 
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MA'i'ERIAI.S AND METHODS 

These studies were approved by a Human Studies 
Subcommittcc, and each subject pvc wormed written 
consent prior to participation. 

Study PrueoaJI. All36S subjects who participated iD this 
stUdy reported to the laboratory after an overnight fast 
None bad a history of peptic ulcer, diabetes, or gasbic 
surpry, aod none was recciViDS any medicatioDSiaaown 
to affect gasbic secretion. Gasbic intubation was per
formed by passing a tube (AN 10, H.W. Anderson 
Products, Inc., Oyster Bay, New York) through the nose 
or mouth into the gastric antrum under ftuoroac:opic 
guidance. Usiog this method of positioning the tube, 
recovery of gasbic juice in our laboratory averages 
approximately 90-BS% (Feldman M, Barnett C, unpub
lished data). Residual psbic contents were discarded. 
Then, gastric juke was collected iD 15-min aliquot& by 
intermittent suction. Volume of 8asbic juice was re
corded in a cylinder to the nearest mWiliter and pH of the 
sample was measured by glass eJectrode (Radiometer, 
London Company, CleveJaDd, Ohio). pH was measured 
by siass e~trodc that bad been calibrated to pH 1.00, 
4.01, and 7.00 tbat mornioa. pH was converted to hydro
ieD ion concentration ([H+D by the method of Moore and 
Scarlata (8): Acid output was calculatecl by multiplying 
[H+J by gastric juice volume. Basal acid ootput (BAO) 
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FASTING pH AND TRUE HYPOCHLORHYDRIA 

TABLE 1. MEAN (± SB) ACID SECJisno~ IN NoRMAL 
REI'sRENCE GROUP OP 252 MEN AND 113 WOMEN 

Men Wonwn 

BAO (mmollhr) 4.0 ± 0.2 2.1 ± 0.2• 
Averap basal pH 2.16 ± 0.09 2.79 ± 0.18* 
PAO (mmollhr) 37.4 ± 0.8 24.9 ± 1.0* 

•p < 0.001, men v1 women. 

was measured for fom 15-min periods and then PAO to a 
maximal parenteral dose of pstrin (pentagastrin or hu
man gastrin heptadecapeptide n or histamine acid phos
phate was measured for fom IS-min periods (9). BAO was 
defined as the sum of the fom 15-min basal outputs and 
expressed in millimole& per hour, while PAO was defined 
as the sum of the two highest consecutive 15-min outputs 
after the secretogogue, multiplied by 2 to express results 
in millimoles per hom. 

Rli'SULTS 

Defialtloa ofNOI'IIUII Refereaee Group. Three hun
dred sixty-five consecutive healthy volunteers who 
reported to our laboratory for their first gastric acid 
secretory study served as our reference group. 
They consisted of 252 men ages 19 to 80 (mean, 
29.8) and 113 women ages 18 to 80 (mean, 36.1). As 
shown in Table 1, mean BAO and PAO were 
significantly higher in men than in women, while the 
average basal pH was significantly lower in men. 

The upper and lower 95% confidence limits of 
normal for PAO were calculated in men and in 
women, using two different methods. The first 
method assumed a Gaussian distribution of PAO 
values, with upper and ]ower limits of normal 
calculated as the mean plus or minus 1.96 standard 
deviations of the mean. The second method simply 
eliminated the upper 2.5% and the lower 2.5% of 
PAO values. As shown in Table 2, the two methods 

TABLE 2. UPPER LIMIT OF NOilMAL (ULN} AND LoWER 

LIMIT or NoRMAL (LLN) Foa Awe Acm OlJTPUT (PAO) BY 

Two METHODS IN NollMAL RE.I'ERENCE GIOUP OP 252 MEN 
AND 113 WoMEN 

Men Wom.rn 

ULNPAO 
Gaussiaq• 63.5 44.9 
Counting 67.6 47.3 
Avenge 65.6 46.1 

l.LNPAO 
Gaussian 11.3 4.8 
Counting 7.0 2.0 
Averaae 9.2 3.4 

•Gaussian = mean ::!: 1.96 standard deviations of the mean; 
counting = excluding top and bottom 2 • .5% of values; averaae = 
average of Gaussian and countiDg ~ods. 

TABLE 3. MEAN(± SB) ACID SECRETION IN 109 EXPI!RJMENTS 

IN 28 HYPOCRLORBYDBIC SUBJECTS* 

Men Wonurn 

Mean BAO (mmollhr) 0.02 ± 0.02t 0 ±ot 
Averqe basal pH 7.44 ± o.nt 7.65 ± 0.33t 
Mean PAO (mmollbr) 3.30 ± 0.3t 1.40 ± 0.4t 

*101 studies in 22 men 8Dd 8 atuctiea in 6 women. 
tP < O.OS v1 normal reference JI'OUP (see Table 1). 

gave slightly dift"erent upper and lower limits of 
normal, probably because the distribution of PAO 
was not perfectly Gaussian. Since neither of the two 
methods is precise, we defined upper and lower 
limits of normal by avelqing the results of the two 
methods (Table 2). Thus, a man with a PAO < 9.2 
mmollhr or a women with a PAO < 3.4 mmoJ/hr 
was considered to be hypochlorhydric with ~'¥7.5% 
confidence. 

We next established the upper limit of normal for 
fasting gastric pH in the individuals with a PAO 
within or above the norma] range (i.e., those 354 
subjects who were not defined as being hypochlor
hydric). The average of the four fasting pH values 
for each of these individuals was examined. pH 
values were not normally distributed and, thus, to 
obtain 95% confidence limits for the upper pH limit 
oi normal, the upperS% of pH values were ex
cluded. Using this method, the upper 95% one
sided confidence limit of normal for basal pH for 
subjects without hypochlorhydria was 5.09 in men 
and 6.81 in women. In other words, one would 
expect an average fasting gastric pH to exceed 
these values only 5% of the time in subjects with a 
normal PAO (95% specificity). 

Studies iD Bypochlorbydrle Subjects. Of the orig
inal 365 subjects, 28 subsequently developed epi
demic gasbitis with true hypochlomydria (22 men, 
ages 30.0 ± 0.7 years and six women, ages 29.3 ± 
1.7 years). Clinical, histologic, and acid secretory 
features of this syndrome have been descn'bed 
previously (10). Mean BAO, PAO, and average 
basal pH for the hypochlorhydric men and women 
are shown in Table 3. One hundred nine experi
ments in these 28 subjects, all in which PAO was 
below the lower limit of normal, were available for 
analysis. Basal pH exceeded the upper limit of 
normal in 95 of 101 experiments in men and in seven 
of eight experiments in women (Figure 1). Thus, the 
sensitivity of an elevated fasting pH for detecting 
true hypochlorhydria was 102/109, or 94%. 
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PIK 1. Average basal pH in 109 se]IIU'II!e experiments in 28 
sllbjects with true hypochlorhydria, deftDed aa a peak acid output 
< lower limit of DOriDIIl (see Table 2). Upper limits of normal for 
avcrap basal pH, derived from subjects with a normal peak acid 
output, are shown. Basal pH exceeclcd these upper limits of 
normal pH in 102 of 109 experiments (94%). 

DISCUSSION 

Achlorhydria has been arbitrarily defined by var
ious investigaton as a fasting gastric pH value 
above 3.5 (11, 12), 6.0 (13, 14), 7.0 (15), or 8.2 (16). 
In the present study, several healthy men and 
women bad fasting pH values that exceeded many 
of these arbitrary values, despite the fact that these 
individuals secreted normal amounts of acid when 
they received a parenteral iqjection of gastrin or 
histamine. 

When a population of healthy individuals is stud
ied, the lower 2.5% of the population's PAO values 
can be defined arbitrarily as representing true hy
pochlorhydria and the remainina 97.5% as repre
senting normosecretors (95%) and hypersecretors 
(2.5%). Usiq the above definition, we (and othen) 
have reported that 30-40% of duodenal ulcer pa
tients are hypenecretors (17, 18). 

The m~:Vor purpose of the present study was to 
define rigorously the upper limit of normal for basal 
pH in order to determine whether basal pH mea
surements can predict the presence of true hy
pochlorhydria, defined as a PAO below the lower 
limit of normal. While it was important to define the 
upper limit of normal for basal pH in men and 
women separately, since men secreted more acid 
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TABLE 4. SENIIJTIVI1'1', SPI!CFiaTY, AND PoamvE AND 
NI!GATIVII Pm!DJC11VE VALUES OP AVEaAOE 8AaAL pH FOR 

DETECTION OP 'h.UE HYPOCIILOBHYDRIA* 

BtutJlpH 
(upper llmh of Predictive 

normal) 
Seulthlity Spectficlty 

vtJlue1 (%) 

Men WorMII ('JfJ) ('JfJ) POiitlve Negative 

!1.09 6.81 94 95 37.5 99.8 
6.27 7.71 89 91.5 47.7 99.1 
6.43 7.fJl ~ 98 52.2 99.6 
7.11 8.06 7S 99 64.9 99.4 

*Sensitivity calculated from remits of 109 experiments in 28 
subjects with PAO < lower limit of normal. Specificity calcu
lated from results in 354 normal subjects with PAO >lower 
limit of normal. Positive aud neptive predictive values calc:u
lated uiUIDiDg the prcvalem:e of true hypoc:hlorhydria In the 
populatjou is 2.5%. 

than women, it was not necessary to atljust upper 
limits of normal as a function of age. This was 
because age did not correlate significantly with 
average basal pH in men or women (r = -0.06 and 
r = 0.03, respectively). Thus, an elevated basal pH 
should have the same significance regardless of the 
age of the subject, at least within the range of 18-80 
years. In the present study, basal pH exceeded the 
95% upper confidence limit of normal in 102 of 109 
experiments in 28 individuals with true hypochlor
hydria. Thus, documentation of an elevated fasting 
gastric pH had a 94% sensitivity for detecting bona 
fide hypochlorhydria. This 94% sensitivity was cal
culated by using the average of four consecutive pH 
measurements in subjects with hypochlorhydria. If 
only the first pH sample was examined, the sensi
tivity was still98 in 109, or 90%. Thus, even a single 
fastina pH measurement has a high sensitivity for 
detectiq true hypochlorhydria. 

Sensitivity of a test is also a function of specific
ity. In the present study, we chose to set specificity 
at 95%, allowing 5% of subjects with a normal PAO 
to have an average basal pH above the defined 
upper limit of normal. As shown in Table 4, if 
specificity was increased above 95%, decreasins the 
number of potentially false positive results, sensi
tivity fell proportionately. Nevertheless, at 99% 
specificity, fasting pH measurements still had 75% 
sensitivity for detectiq true hypochlorhydria. 

The predictive value of a test depends upon the 
prevalence in the general population of the condi
tion in question (m this case, true hypochlorhydria). 
Unfortunately, the incidence of troe hypochlorhy
dria in a randomly selected sample of the adult U.S. 
population is unknown and thus the positive (or 
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FASTING pH AND TRUE HYPOCHLORHYDRIA 

negative) predictive values of fasting pH measure
ments cannot be calculated precisely from the data 
presented in this report. Furthermore, there is no 
universally accepted definition of hypochlorhydria. 
If the prevalence of hypochlorhydria is, as we have 
assumed in this study, 2.5%, then one can calculate 
positive and negative predictive values from our 
data. As shown in Table 4, positive predictive 
values rauged from 32.5% to 64.9% as specificity 
was increased from 95% to 99%, while the predic
tive value of a negative test remained high (>99%). 
Thus, if specificity is set at a high level, measure
ment of fasting pH is a useful screening test for the 
detection of individuals likely to have true hy
pochlorhydria. 
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Sent: 
To: 
Subject: 
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Wednesday, June 04, 201412:19 PM 
Gibbons, Catherine; Sasso, Alan 
First Drinking Water Standard for Hexavalent Chromium Now F.inal 

Fyi. 
http:Uwww.cdph.ca.gov/Pages/ NR14-053.aspx 
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Caraway, Catherine@OEHHA; Sasso, Alan 
FW: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr VI) and 

Drinking Water 
removed. txt; PH14-038 CDPH Submits Final Regulation Package Regarding Hexavalent 

Chromium (Cr VI) and Drinking Water. pdf 

From: Klasing, Susan@OEllliA 
Sent: Wednesday, Aprill6, 2014 8:45AM 

To: Khan, Elaine@OEllliA 
Subject: FW: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr VI) and 

Drinking Water 

FYI 

From: CDPHPress (OPA) [mailto:CDPHPressOPA@cdph.ca.gov] 

Sent: Tuesday, Aprill5, 2014 3:46PM 
To: CDPHOPA@MAILLIST.DHS.CA.GOV 

Subject: CDPH Submits Final Regulation Package Regarding Hexavalent Chromium (Cr VI) and Drinking 

Water 

IK I ~ .... -_ .............. .._ .................. . 
D _ """" ................ - .... -

CALIFORNIA DEPARTMENT OF PUBLIC HEALTH 
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CONTACT: Anita Gore 
Heather Bourbeau 
( 916) 4 4 0-72 59 

FOR IMMEDIATE RELEASE 
April15, 2014 
PH14-038 

CDPH Submits Final Regulation Package 
Regarding Hexavalent Chromium (Cr VI) and Drinking Water 

SACRAMENTO - The California Department of Public Health (CD PH) today submitted to the Office of 
Administrative Law (OAL) its final proposed regulation establishing the first ever drinking water Maximum 
Contaminant Level (MCL) for hexavalent chromium (Cr VI). More than 18,000 comments were received by 
CDPH regarding the proposed regulation. The proposed final regulation documents include the Summary and 
Response to comments received. 

The proposed final regulation will take effect after it has been reviewed and approved by OAL in compliance 
with the Administrative Procedures Act. This review can take up to 30 working days to complete. Once 
approved, the regulation is then filed with the Secretary of State and will become effective the first day of the 
following quarter. 

"The drinking water standard for hexavalent chromium of 10 parts per billion will protect public health while 
taking into consideration economic and technical feasibility as required by law," said Dr. Ron Chapman, CDPH 
director and state health officer. 

If the regulation is approved as expected, implementation of the new drinking water standard for hexavalent 
chromium will begin July 1, 2014. 

Today's filing also complies with timelines imposed by the Alameda Superior Court in Natural Resources 
Defense Council, Inc. v. California Department of Public Health. 

The department's submission to OAL can be found on the CDPH website. 

www.cdph.ca.gov 
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CALIFORNIA DEPARTMENT OF PUBLIC HEALTH 

FOR IMMEDIATE RELEASE 
April15, 2014 
PH14-038 

CONTACT: Anita Gore 
Heather Bourbeau 
(916) 440-7259 

CDPH Submits Final Regulation Package 
Regarding Hexavalent Chromium (Cr VI} and Drinking Water 

SACRAMENTO -The California Department of Public Health (CDPH) today submitted 

to the Office of Administrative Law (OAL) its final proposed regulation establishing the 

first ever drinking water Maximum Contaminant Level (MCL) for hexavalent chromium 

(Cr VI). More than 18,000 comments were received by CDPH regarding the proposed 

regulation. The proposed final regulation documents include the Summary and 

Response to comments received. 

The proposed final regulation will take effect after it has been reviewed and approved by 

OAL in compliance with the Administrative Procedures Act. This review can take up to 

30 working days to complete. Once approved, the regulation is then filed with the 

Secretary of State and will become effective the first day of the following quarter. 

"The drinking water standard for hexavalent chromium of 1 0 parts per billion will protect 

public health while taking into consideration economic and technical feasibility as 

required by law," said Dr. Ron Chapman, CDPH director and state health officer. 

If the regulation is approved as expected, implementation of the new drinking water 

standard for hexavalent chromium will begin July 1, 2014. 

Today's filing also complies with timelines imposed by the Alameda Superior Court in 

Natural Resources Defense Council, Inc. v. California Department of Public Health. 

The department's submission to OAL can be found on the CDPH website. 

www.cdph.ca.gov 
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Hi Elaine, 

Sasso, Alan 
Wednesday, January 14, 2015 4:54PM 

Elaine.Khan@oehha.ca.gov 

Gibbons, Catherine 
hypochlorhydria (high stomach pH) in the US population 

Feldman-Bamett_DigDisSci1991_ph_hypochlorhydria-humans. pdf; Kalantzi

etai_PharmRes2006_human-upper-gastrointestlnal-contents.pdf 

I really enjoyed the talk last week, thanks for sending us the info. 

I was reading-up on gastric parameters in the human population (particularly as a function of fed/fasted status), and I 

saw in th is Kalantzi paper, 2 out of the 19 subjects just happened to have a condition called "hypochlorhydria". They 

persistently have a very high stomach pH, and are very susceptible to gastric cancers and lesions/ulcers (due to 

biological/bacterial issues, infections, etc). 

In 28 hypochlorhydric subjects (Feldman paper), the average basal pH was 7.44 in men,7.65 in women. 

In 252 men WITHOUT hypochlorhydria (healthy, not taking mediCation, etc), 5% of them naturally had a basal/resting 

(fasted) gastric pH of at least 5.09. in women (n= 113), 5% had pH>=6.81. Those are conditions where our models 

indicate poor reduction. 

So, even without hypochlorhydria, 10% of the population may be above pH=S . 

At the end of the Feldman paper, they say that the true incidence of hypochlorhydria in randomly selected adult humans 

In the US population is unknown (but that paper is from 1991). I'm having trouble obtaining information on what the 

incidence may be. 

Have you ever heard ofthis condition? 

-Alan 

Alan F. Sasso, Ph.D. 
Office of Research and Development 

National Center for Environmental Assessment 

U.S. Environmental Protection Agency 

(703)-347 -0179 
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Fasting Gastric pH and Its Relationship to 
True Hypochlorhydria in Humans 

MARK FELDMAN, MD, and CORA BARNETT, BS 

Abnomullly low rates of gtutric acid secretion (hypochlorhydria) are associated with 

bacterial overgrowth, enteric ilffection, and with lrypergastrinemia and an increased risk 

of gastric neopltJsm~.In the present study, we evaluated the abiUty of fasting gastric juice 

pH measurements to detect true hypochlorhydria. True hypochlorhydria was defined as a 

peak acid output In response to a maximally effective stimulant of acid secretion that was 

below the lower limit of normal for 365 consecutive heQlthy subjects. In these healthy 

subjects, average basal pH was 2.16 ± 0.09 in men and 2.79 ± 0.18 in women. In 109 

consecutive experiments in 28 subjects with true hypochlorhydria, fasting gastric pH 

averaged 7.44 ± 0.11 in men and 7.65 ± 0.33 in women. Fasting pH exceeded the upper 

95% corifidence limit of nomllll (5.09 in men and 6.81 in women) in 102 of the 109 

experiments (94%). Thus ,fasting pH measurement was a sensitive method/or diagnosing 

bona fide hypochlorhydria. 

KEY WORDS: pH; hypochlorhydria; peak acid output. 

The usefulness of fasting gastric juice pH measure
ments in the diagnosis of true hypochlorbydria has 
not been studied rigorously. If predictive for true 

hypochlorhydria, lasting gastric pH measurements 

could have cliliical utility, since individuals with 
true hypochlorhydria are prone to develop gastric 

bacteri81 overgrowth (1), enteric infections (2, 3), 

and, pemaps moSt importantly; hypergastrinemia 
with its potential for enterochromaflin-like cell hy

perplasia and neoplasia (4-7). In the present study, 

we established the upper limit of normal for fastini 
gastric pH from results in 365 healthy men and 

women and then applied th~se pH criteria to results 
of 109 experiments performed in 28 subjects with 

true hypochlorhydria. 
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MA1'ERIAI.S AND METHODS 

These studies were approved by a Human Studies 

Subeommittce, and each subject pvc iDformcd written 

consent prior ·to participation. 
Study Protocol. All36S subjects wJ!o partic:ipated in this 

stUdy reported to the laboratory after an overnight fast. 
None bad a history of peptic ulcer, diabetes, or gastric 
surpry, and none was receiVioa any medications known 
to aff'ect gastric secretion. Gastric intubation was per
formed by passiug a tube (AN 10, H.W. Andenon 
Products, Inc., Oyster Bay, New York) through the nose 
or mouth into the gastric antrum under ftuorosc:opic: 
guidance. Using this method of positionblg the tube, 

recovery of gastric juice in our laborat~ averages 
approximately 90-95% (Feldman M, Barnett C, unpub
lished data). Residual gastric:: contents were discarded. 
Then, gastric juice was collected m 15-min aliquot& by 

intermittent suction. Volume of iastric juice was re
corded in a cylinder to the nearest milliliter and pH of the 
sample was measured by sJau electrode (Radiometer, 
London Company, Cleveland, Ohio). pH was measured 
by slass electrode that had been cahbratcd to pH 1.00, 
4.01, and 7.00 that morning. pH was converted to hydro

aen ion concentration (£H+]) by the method of Moore and 
Scarlata (8); Acid output was calc::ulatcd by_ multiplying 
[H+J by gastric juice volume. Basal acid output (BAO) 
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FASTING pH AND TRUE HYPOCHLORHYDRIA 

TABLE t. MEAN (± SB) AciD SECREno~ IN NoRMAL 

.REPmlENCE GBOVP oP 252 MEN AND tt3 WoMEN 

Men Women 

BAO (mmollhr) 4.0 ± 0.2 2.1 ± 0.2• 
Average basal pH 2.t6 ± 0.09 2.19 ± O.t8• 
PAO (mmol/hr) 37.4 ± 0.8 24.9 ± t.O* 

•p < O.OOt, men vs women. 

was measured for four 15-min periods and then PAO to a 
maximal parenteral dose of gastrin (pentap.strin or hu
man gastrin heptadecapeptide n or histamine acid phos
phate was measured for four 15-min periods (9). BAO was 
defined as the sum of the four 15-mm basal outputs and 
expressed in millimoles per hour, while PAO was defined 
as the sum of the two highest consecutive IS-min outputs 
after the secretogogue, multiplied by 2 to express results 
in millimole& per hour. 

RFSULTS 

DefinldoD of Normal Rerenace Group. Three hun

dred sixty-five consecutive healthy volunteers who 

reported to our laboratory for their first gastric acid 

secretory study served as our reference group. 

They consisted of 252 men ages 19 to 80 (mean, 

29.8) and 113 women ages 18 to 80 (mean, 36.1). As 

shown in Table 1, mean BAO and PAO were 

significantly higher in men than in women, while the 

average basal pH was significantly lower in men. 

The upper and lower 95% confidence limits of 

normal for PAO were calculated in men and in 
women, using two different methods. The first 

method assumed a Gaussian distnbution of PAO 

values, with upper and lower limits of normal 

calculated as the mean plus or minus 1.96 standard 

deviations of the mean. The second method simply 

eliminated the upper 2.5% and the lower 2.5% of 

PAO values. As shown in Table 2, the two methods 

TABLE 2. UPPER LIMIT OP NORMAL (ULN) AND LoWER 

LIMIT OF NORMAL (LLN) FoR PEAit AciD OUTPUT (PAO) BY 

Two METHODS JN NoiiMAL REPEIIENCE GIIOVP oP 252 MEN 

AND 113 WoMEN 

Men Women 

ULNPAO 
Gaussian* 63.5 44.9 
Counting 67.6 47.3 
Avc:raac 65.6 46.1 

LLNPAO 
Gaussian 11.3 4.8 
Countlq 7.0 2.0 
Average 9.2 3.4 

*Gaussian = mean ::t t.96 stanclanl deviations of the mean; 
counting = exc:Judini top and bottom 2 • .5% of values; average = 
average of Gaussian and counting methods. 

Dlgurlu Dlstuuu DNI Sr:lar:r~, Vol. 36, No. 7 (lilly 1991) 

TABLE 3. MEAN (± SB) Aao SEcunoN IN 109 RXPP.RrMI!NTS 

IN 28 HYPOCHLOIUIYDBic SuJUECTS* 

M1n Women 

Mean BAO (mmollhr) 0.02 ± 0.02t 0 ±ot 

Averaae basal pH 7.44 ± O.llt 1.65 ± 0.33t 
Mean PAO (mmollhr) 3.30 ± 0.3t t .40 ± 0.4t 

•tot studies in 22 men and 8 studies in 6 women. 
tP < 0.05 vs normal reference lf'OUP (see Table 1). 

gave slightly different upper and lower limits of 

normal, probably because the distribution of PAO 

was not perfectly Gaussian. Since neither of the two 

methods is precise, we defined upper and lower 

limits of normal by averaging the results of the two 

methods (Table 2). Thus, a man with a PAO < 9.2 

mmoJ/hr or a women with a PAO < 3.4 mmoJihr 

was considered to be hypochlorhydric with o:!:97 .5% 

confidence. 
We next established the upper limit of normal for 

fasting gastric pH in the individuals with a PAO 

within or above the normal range (i.e., those 354 

subjects who were not defined as being hypochlor

hydric). The average of the four fasting pH values 

for each of these individuals was examined. pH 

values were not normally distnboted and, thus, to 

obtain 95% confidence limits for the upper pH limit 

o1 normal, the upper 5% of pH values were ex

cluded. Using this method, the upper 95% one

sided confidence limit of normal for basal pH for 

subjects without hypochlorhydria was 5.09 in men 

and 6.81 in women. In other words, one would 

expect an average fasting gastric pH to exceed 

these values only 5% of the time in subjects with a 

normal PAO (95% specificity). 
Studies in Jbpocblorbydrle Subjects. Of the orig

inal 365 subjects, 28 subsequently developed epi· 

demic gastritis with true hypochlorhydria (22 men, 

ages 30.0 ± 0.7 years and six women, ages 29.3 ± 

1.7 years). Clinical, histologic, and acid secretory 

features of this syndrome have been descn"bed 

previously (10). Mean BAO, PAO, and average 

basal pH for the hypochlorhydric men and women 

are shown in Table 3. One hundred nine experi

ments in these 28 subjects, all in which PAO was 

below the lower limit of normal, were available for 

analysis. Basal pH exceeded the upper limit of 
normal in 95 of 101 experiments in men and in seven 

of eight experiments in women (Figure 1). Thus, the 

sensitivity of an elevated fasting pH for detecting 

true hypochlorhydria was 102/109. or 94%. 
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11a 1. Averaae basal pH in 109 separate experiments in 28 

suqecta with true hypochlorhydria, defiDed as a peak acid outplt 

< lower limit of normal (see Table 2). Upper limits of normal for 

averaae basal pH, derived from subjects with a normal peak acid 

output, are shown. Basal pH exceeded these upper limits of 

normal pH in 102 or 109 experiments (94%). 

DISCUSSION 

Achlorhydria has been arbitrarily defined by var

ious investigators as a fasting gastric pH value 

above 3.5 (11, 12), 6.0 (13, 14), 7.0 (15), or 8.2 {16). 

In the present study, several healthy men and 

women had fasting pH values that exceeded many 

of these arbitrary values, despite the fact that these 

individuals secreted normal amounts of acid when 

they received a parenteral iqjection of gastrin or 

histamine. 
When a population of healthy individuals is stud

ied, the lower 2.5% of the population's PAO values 

can be defined arbitrarily as representing true hy

pochlorhydria and the remaining 97 .5~ as repre

senting normosecretors (9.5%) and hypersecretors 

(2.5%). Using the above definition, we (and others) 

have reported that 30-40% of duodenal ulcer pa

tients are hypersecretors (17, 18). 

The JJU\jor purpose of the present study was to 

define rigorously the upper limit of normal for basal 

pH in order to determine whether basal pH mea

surements can predict the presence of true hy

pochlorhydria, defined as a PAO below the lower 

limit of normal. While it was important to define the 

upper limit of normal for basal pH in men and 

women separately, since men secreted more acid 

868 . 
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TA.BLE 4. SENSlTJVITY, SPECIFICITY, AND PosmvE AND 

NEGATIVI! hi!DIC'l1VI! VALUES OP AVEilAOE B.u.u. pH POR 

DETECTION OF fiUE HYPOCHLOBHYDRIA* 

BtUalpH 
( IIJIPtT limll of Predictive 

normal) 
Sen.ritlvlty Specificity 

value8 (%) 

Men WOIJIIII (%) (%) PMitivl NegDiive 

5.09 6.81 94 95 37.5 99.8 

6.27 7.71 89 tn.S 47.7 99.1 

6.43 7 .(/}. ~ 98 Sl.2 99.6 

7.11 8.06 15 99 64.9 99.4 

•Sensitivity calcuJated from results or 109 experimeuts in 28 

subjects with PAO < Jower limit of normal. Specificity calcu

lated from RSU1ts in 354 DOIIIIIIliJilbjects with PAO > lower 

limit of normal. Positive and neptive predictive values caJcu.. 

1ated 8l8ll1lliDa the preY81euce of true bypocblorhydria in the 

population is 2.~. 

than women, it was not necessary to ad,just upper 

limits of normal as a function of age. This was 

because age did not correlate significantly with 

average basal pH in men or women (r = -0.06 and 

r = 0.03, respectively). Thus, an elevated basal pH 

should have the same significance regardless of the 

age of the subject, at least within the range of 18-80 

years. In the present study, basal pH exceeded the 

95% upper confidence limit of normal in 102 of 109 

experiments in 28 individuals with true hypochlor

hydria. Thus, documentation of an elevated fasting 

gastric pH had a 94% sensitivity for detecting bona 

fide hypochlorhydria. This 94% sensitivity was cal

culated by using the average of four consecutive pH 

measurements in subjects with hypochlorhydria. If 

only the first pH sample was examined, the sensi

tivity was still98 in 109, or 90%. Thus, even a single 

fasting pH measurement has a high sensitivity for 

detecting true hypochlorhydria. 

Sensitivity of a test is also a function of specific

ity. In the present study, we chose to set specificity 

at 95%, allowing 5% of subjects with a normal PAO 

to have an average basal pH above the defined 

upper limit of normal. As shown in Table 4, if 

specificity was increased above 95%, decreasing the 

number of potentially false positive results, sensi

tivity feU proportionately. Nevertheless, at 99% 

specificity, fasting pH measurements still had 75% 

sensitivity for detecting true hypochlorhydria. 

The predictive value of a test depends upon the 

prevalence in the general population of the condi

tion in question (m this case, true hypochlorhydria). 

Unfortunately, the incidence of true hypochlorhy

dria in a randomly selected sample of the adult U.S. 

population is unknown and thus the positive (or 

Dit~IIM DintUU DMl Scllllffl, Vol. 36, No. 7 (July 1991) 



FASTING pH AND TRUE HYPOCHLORHYDRIA 

oeptive) predictive values of fasting pH measure
ments cannot be calculated precisely from the data 
presented in this report. Furthermore, there is no 
universally accepted definition of hypochlorhydria. 
If the prevalence of hypochlorhydria is, as we have 
assumed in this study, 2.5%, then one can calculate 
positive and nesative predictive values from our 
data. As shown in Table 4, positive predictive 
values ranged from 32.5% to 64.9% as specificity 
was increased from 95% to 99%, while the predic
tive value of a negative test remained high (>99%). 
Thus, if specificity is set at a high level, meas~ 
ment of fasting pH is a useful screening test for the 
detection of individuals likely to have true hy
pochlorhydria. 
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